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ABSTRACT

Carbon nanotubes, having remarkable material properties, hold tremendous
potential applications. Among the synthesis methods, cracking of natural gas (methane) is
one of the effective ways, which also produces hydrogen without any CO2 emission. The
reaction energy in conventional methods is usually supplied by burning some feedstock,
which results in low thermal efficiency. A new approach, direct laser irradiation, will
give an environmentally clean and efficient process to produce carbon nanoparticles.
Some exploratory studies on catalytic laser-thermal cracking of methane were
carried out at UTSI. Regenerable iron-based ( Fe / Al2O3 ) catalyst made by soakingdrying technique was employed for the cracking reaction of methane. TGA and

electric

furnace set-up were also used to evaluate the catalyst. A TEA CO2 -laser was employed
as a heat source in the laser-based experiments, where different reactor modes, like
fluidized- bed, basket and fixed bed reactor, were tried. The experiments on catalyst
regeneration were also carried out. Three cycles of cracking/regeneration were tried. The
black carbon in final catalyst residues was examined by optical microscope, SEM and Xray diffraction analyses.
It was shown that the laser-based cracking approach could eventually be utilized
for the production of carbon nanoparticles and hydrogen- rich gas. However, more
additional experiments are needed to find optimal conditions and reactor configurations
for cracking reaction and production of carbon nanoparticles.
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CHAPTER 1
INTRODUCTION

The objective of this project is to develop iron-based catalyst for cracking reaction
of methane and to study the production of carbon nanoparticles and hydrogen-rich gas
using laser-thermal heating method to decompose methane.
Carbon nanotubes have shown tremendous potential application in many areas
because of their special properties. Traditionally, carbon arc method or vapor growth is
employed to produce carbon nanotubes.

But most of them have technical problems in

controlling the generation of monodispersed nanoparticals and scalable production of the
materials. Cracking of natural gas (methane) to produce filamentous carbon has been an
other candidate method. Use of laser provides a coherent and temporally controllable
thermal source for reaction and also a possibility of continuous process for large -scale
production. Furthermore, this method also provides another important product, hydrogenrich gas.
Hydrogen, a clean energy carrier and fuel, has been considered as a long term
option. According to DOE [1], worldwide, 48% of hydrogen is produced from natural
gas, 30% from oil, 18% from coal, and the remaining (4%) via electrolysis. It is widely
accepted that in the short-to-medium term, hydrogen production will continue to rely on
natural gas. For decades, steam reforming of natural gas has been the most efficient and
widely used process for the production of hydrogen. Other conventional processes from
fossil fuels are significantly more expensive. But all of them result in the emission of
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large quantities of CO2 into atmosphere, which is believed to produce adverse ecological
greenhouse effects. However, the process proposed in this project for cracking of natural
gas avoids the undesired CO2 emission. Two valuable products, fine carbon particles and
hydrogen, make this proposed process concept very attractive.
Recently, a new approach [2] has been proposed at UTSI. This new scheme uses
the concept of regenerable catalytic laser-based thermal decomposition of methane for
production of carbon nanoparticles. Some of carbon will be deposited on the iron-based
catalyst as Fe3C . The spent catalyst will be regenerated by reacting with a mixture of
steam and some recycled hydrogen (produced from cracking reaction). Minor quantities
of CO2 and acetylene ( C2 H 2 ) may be produced in this reaction. In the literature,

C2 H 2 has been shown to have a synergistic effect on the methane cracking. The carbon
produced from C2 H 2 cracking also has a better catalytic property in enhancing the
hydrocarbon cracking. So, after easily removing the CO2 using solvent such as
monoethanol amine, the outgoing gas stream of the catalyst regeneration step can be
beneficially recycled to the methane- cracking unit. The proposed scheme is illustrated in
Figure 1.1.
Initial exploratory study on this scheme has been carried out at UTSI. The major
objectives of this exploratory study are:
•

Developing the soaking-heating technique to prepare iron-based catalyst in
different mesh sizes.

•

Evaluation of the iron-based catalyst for the cracking reaction of methane in TGA
and in an electrically resistively heated furnace.
2

Figure 1.1: Catalytic Laser-based Thermal Decomposition Scheme for
Production of Carbon Nanoparticles

.
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•

Performance of bench-scale experiments in different configurations of the laser
reactor using CO2 -laser beam.

•

Evaluation of the steam/ H 2 regeneration step for spent catalyst during several
cycles of cracking/regeneration.

•

Characterization of the catalyst particles by optical microscope, SEM and X-ray
diffraction analysis.

Obviously, additional experiments are needed in future study such as evaluation of
other process variables on the reaction to identify the optimum conditions for laserbased cracking process and catalyst regeneration.

4

CHAPTER 2
LITERATURE REVIEW

2.1

APPLICATIONS

AND

POTENTIAL

OF

NANOTECHNOLOGY

AND

NANOMATERIALS
Nanotechnology, broadly defined as the study of functional structure with
dimensions in the 1-1000 nanometer range, is emerging as a distinct and promising field
of research. It is fundamentally changing the way materials and devices will be produced
in the future.
The ability to synthesize nanoscale building blocks with precisely controlled size
and composition and then to assemble them into large structure with unique properties
and functions will revolutionize segments of the materials manufacturing industry.
Synthesis and assembly of nanostructured materials include sources for the necessary
precursors from liquid, solid or gas phase and the use of chemical arc, physical (or other)
deposition techniques to deposit atoms and molecules on suitable substrates. Thus,
chemical reactivity or physical compaction is used to integrate nanostructure building
blocks to form the final structure [2].
Nanostructure is expected to bring lighter, stronger, and programmable materials;
reductions in life-cycle costs through lower failures rates; innovative devices based on
new principles and architectures; and use of molecular/cluster manufacturing. Many
technological applications of nanomaterials are based on their high specific area. The
trend of nanotubes towards the formations of multiply twisted and randomly oriented
5

spiral-like structures results in the occurrence of a large number of nanometer-sized
cavities attainable for penetration of gases and liquids from the outside. In this form,
nanomaterials are used as porous material in filters, apparatus for chemical technologies,
etc. On the other hand, the chemical stability and the possibility of the attachment of
various radicals to the nanotubes surface, which can serve later either as catalytic centers
or as embryos for performance of diverse chemical transformations, appear to be the
encouraging prospects for nanomaterials usage [3].
The

potential

application

of

nanotechnology

and

nanomaterials

are

also

envisioned in the fields of electronics and computer technology; medicine and health;
aeronautics and space exploration; environment and energy, etc. Such properties of
nanomaterials as their small sizes varying in a wide range depending on the synthesis
conditions, mechanical strength and chemical stability, are considered by researchers.
However,

challenges

associated

with

nanotechnology

include

synthesis

of

materials by design, development of bio- and bio-inspired materials, development of
cost-effective, environmentally acceptable and scalable production techniques, and
determination of the nanoscale initiators of materials failures. Much more fundamental
scientific knowledge is still needed for the promise of nanotechnology to be realized,
including understanding of self-organized molecular structure, how to construct quantum
devices, and complexity of nanostructure systems operations [2].

2.2 CARBON NANOTUBES AND SYNTHESIS METHODS
Carbon nanotubes have attracted great interest since their first discovery in 1991,
because of their unique structure, outstanding physical and chemical properties, including
6

strength, stiffness, toughness, chemical robustness, thermal conductivity and most
interestingly, electrical conductivity, and wide application prospect. Carbon nanotubes
can be classified into two categories: multi-walled carbon nanotubes and single-walled
carbon nanotubes.
Synthesis of carbon nanotubes is demonstrated by various methods such as
thermal sputtering, laser sputtering, electrolytic synthesis, catalytic cracking of methane
or acetylene and other vapor phase growth methods, like quasi-free vapor condensation,
etc.
Thermal sputtering, the most widespread method for carbon nanotube production,
is based on the thermal sputtering of a graphite electrode in an arc discharge plasma
burning in an He atmosphere [4].

This method, which is also the basis for the most

effective fullerene production technology, permits the production of nanotubes in a
quantity sufficient for a detailed study of their physical and chemical properties.
However, carbon nanotubes produced in an electric arc discharge are usually rather short
(less 1 µm). This peculiarity as well as the relative high cost of the materials, caused by
the low productivity of its synthesis, hinders the practical use of nantubes. Most of the
above-mentioned disadvantages of nanotubes have been overcome successfully by the
further development of the arc discharge production technology intended for nanotubes
using selected catalysts. This approach has manifested itself quite well in the technology
of

producing

hollow

carbon

fibers,

characteristics and are widely applied.

which

have

extraordinary

high

mechanical

However, for this method, formation of carbon

nanotubes occurs over a limited range of pressure, electric current and arc voltage thereby
providing less control over the process. In addition, the process is a low yield process in
7

terms of the amount of carbon nanotubes produced. Also, the catalyst is deactivated and
if activated by thermal method would produce significant amount of green house gas,

CO2 .
Laser irradiation, which is quite effective can also be used as a method for energy
concentration on a graphite surface. This method provides high yield (70-90%) for
single-wall carbon nanotubes. It also allows great control over processing parameters to
tailor physical parameters of the tube such as diameter and length along with the diameter
distribution within the product.
Catalytic thermal cracking of hydrocarbon is another effective method of
generating carbon nanotubes. This method permits to generate the nanotubes in a wide
range of physical characteristics. More details on background of this method will be
discussed in the next section.
Based on the literature review [4], the fundamental challenges in the synthesis of
carbon nanotubes or nanomaterials are:
•

ability to control the scale (size) of the system

•

ability to obtain the required composition; not only the average composition but
also the details such as defects, concentration gradients, etc.

•

understand the influence of the size of building blocks in nano-structured
materials as well as the influence of microstructure on the physical, chemical and
mechanical properties of this material.
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•

transfer of developed technologies into industrial applications including the
development of the industrial scale of synthesis methods for nanomaterials and
nanostructured systems.

2.3 PREVIOUS RESEARCH ON CRACKING OF METHANE TO PRODUCE
HYDROGEN AND CARBON NANOTUBES
As mentioned in the last section, thermal cracking of methane (or acetylene) has
been another effective method to generate carbon nanoparticles.
Fossil fuels (primarily, natural gas) will be more and more used to produce
hydrogen in the next few decades.

Direct catalytic cracking of methane (the major

component of natural gas) may be an alternative to the oxidative conversion of natural
gas. Hydrogen production in this way is free of carbon monoxide, which is sometimes
considered an undesired component. The second valuable reaction product is carbon
black with nanostructure, which is more valuable than conventional soot.
The decomposition of hydrocarbons is a high-temperature endothermic process.
In accordance with the article by Muradov[5], who carried out a thermodynamic analysis
of thermal decomposition of methane, the reaction may be performed at high temperature
( 1500-2000 K) using an external energy supply. At this temperature range, heat of
reaction was estimated to be about ∆H ° R = 17.9kcal / mol .

CH 4 → C + 2H 2

(2-1)

To realize the equilibrium composition at comparatively low temperature, the use of
catalyst will be needed. Muradov evaluated various catalysts such as iron oxide, alumina,
9

graphite and quartz and showed that iron catalyst demonstrated a very high catalytic
activity at the temperature above 600°C, and at 800°C. He also showed that carbon
generated at higher temperature on the catalyst surface was in the form of small graphite
crystallites. Later on, from additional study, Muradov [6,7] reported the following major
results:
•

In a wide range of temperature 500-900°C, the hydrogen production rate was a
function of temperature. It was found that quartz as well as graphite and alumina
showed no or insignificant activity in the reaction at temperature below 700°C.
Alumina-supported

Ni-Mo

and

Fe-catalysts

demonstrated

relatively

high

efficiency in the temperature of 650°C-900°C. See Figure 2.1.
•

Hydrogen yield decreased noticeably with an increase in the methane space
velocity.

•

The maximum of hydrogen in the effluent gas was fairly close to its equilibrium
(i.e. theoretical) value, which was an indication of an active catalyst. Once the
active metallic form of the catalyst was produced, the effective cracking of
methane molecules on the catalyst surface with formation of hydrogen and carbon
began. The carbon blocks the active sites on the catalyst surface, which resulted in
the reduction of the catalyst activity.

•

Carbon produced by thermal or thermo-catalytic decomposition of methane also
catalyzed the decomposition reaction, but its activity was much less than the iron
and nickel catalysts. Also the carbon formed in the catalyst surface at temperature
range of 500-800°C had an amorphous structure.

10

Figure 2.1:Temperature Dependence of Hydrogen Concentration in the
Outgoing Gas with Various Catalysts (Taken from reference 5)
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•

The carbon produced from acetylene was catalytically more active toward
methane decomposition than one produced from methane. Based on this, it was
concluded that the addition of small amount of unsaturated hydrocarbon (e.g.
acetylene) would possibly increase the steady-state methane decomposition rate.
Eramkova [8] evaluated direct cracking of methane over nickel and iron catalysts

in the moderate temperature range of 500-800°C. They used a new method, heterophase
sol-gel synthesis, to prepare the catalyst. Different catalyst particle sizes were tried.
Finally, their conclusion was that the nickel catalyst possessed a high activity and
provided a high carbon yield. But the disadvantage was about its high price and
sensitivity to overheating. Elevation of the reaction temperature by only 50°C resulted in
a sharp decrease in the carbon yield. As for the iron, feasibility of high temperature
processes and low price were considered as advantage, while the low carbon yield would
be considered as a disadvantage.
Steinberg [9] studied the kinetics of methane decomposition in the temperature
range of 700-900°C and pressure of 28-56 atm. He found that the Arrhenius activation
energy was 31.3 kcal/mol of CH 4 . He also showed that the decomposition rate increased
with pressure and appeared to be catalyzed by the presence of carbon particles formed. A
thermodynamic study was also carried out and it showed that hydrogen produced by
methane decomposition while sequestering the carbon produced required the least
amount of process energy with zero CO2 emission.
Snoeck [10] and his co-worker also carried out kinetic study of the carbon
filament formation by methane cracking on a nickel catalyst. A rigorous kinetic model for
12

the formation of filamentous carbon was derived for the experiments carried out in the
temperature of 773-823K and partial pressure of methane of 1.5- 10 bar. They proposed a
mechanism for methane cracking which consisted of a gradual dehydrogenation of
molecularly adsorbed methane. The rate- determining step was the abstraction of the first
hydrogen atom from molecularly adsorbed methane with the formation of an adsorbed
methyl group.
Aiello and his co-workers [11] studied the hydrogen production via the cracking
of methane over Ni / SiO 2 catalyst. They believed that the diffusion of carbon through the
metal particle was the rate- determining step. So, the catalyst deactivated due to the
spatial limitations imposed on the filamentous carbon growth by the reactor. Their study
showed that a 15 wt% Ni / SiO 2 catalyst could be fully regenerated at 923K with steam
for up to 10 successive cracking/regeneration cycles without any significant loss in
catalytic activity. XRD analysis indicated no increase in the amount of carbon remaining
on the catalyst after successive regenerations and no structural changes in the nickel
particles were found as the catalyst was cycled between cracking and steam regeneration.
SEM micrographs (Figure 2.2) were also in agreement with the XRD results and showed
that most of the filamentous carbon was removed during steam regeneration, leaving only
small pockets of this materials which resisted this treatment.
Cooney and Xi [12] evaluated production of H 2 from methane and methane/steam
mixture using microwave irradiation of devolatized coal char. They found very low
conversions with pure methane as feed, but 1:1 mixtures of methane and steam gave high
conversions. They also showed that over a conversion range of 18-53%, with microwave

13

Figure 2.2: SEM Micrographs of Catalyst Sample After 10 Cycles of
Cracking/Regeneration with Two Different Magnifications

heating the required temperatures were 30-50°C lower to give the same methane
conversions as obtained with conventional heating. Hence, they concluded that
microwave heating was possibly promoting the methane/steam reaction in some unknown
but unique manner.
Steinfeld [13] and his co-workers studied the production of filamentous carbon
and hydrogen by solar-thermal catalytic cracking of methane in a small-scale fluidizedbed reactor. They kept the reaction temperature below 850 K to prevent rapid
deactivation of the catalyst. The outlet gas composition reached a level corresponding to
40% chemical conversion of CH 4 to H 2 in a single pass of 0.6 seconds through a 5 cm
high Ni / Al2 O3 catalyst bed. Also carbon deposited on the catalyst at a rate of about 8
gram per hour and per gram of catalyst. The carbon obtained consisted of 1 to 2 nm
granules being built by randomly interlaced filaments, including fibers and hollow
14

nanotubes of approximate 30 nm diameter, having the following properties: BET specific
surface area of 92 m/g, pore volume of 0.414 cm/g. and average pore diameter of 18 nm.
Transmission electron micrographs revealed that each catalyst particle gave rise to a
single filament of the same diameter as that of the particle at its head.
Thus,

based

on

this

literature

review,

thermocatalytic

decomposition

of

CH 4 − H 2 mixture over Fe / Al2 O3 and Ni / Al2 O3 catalyst systems can provide carbon
nanoparticles by suitably controlling the reaction conditions. The energy required by the
reaction is usually supplied by burning some portion of the feedstock. This can result in
lower thermal efficiency because of the inefficiencies associated with indirect heating.
However, alternative energy resource, like solar energy and microwave have been tried
and successfully showed very efficient heat transfer directly to the reaction site. No
previous work has been done on considering laser as the energy source in cracking
reaction. However, similar powder synthesis process using laser as a heat source has been
studied for long time. The representative research is the study of synthesis of silicon
nitride powder in a laser-heated reactor. [14] The gas mixture consisting of

SiH 4 and NH 3 , interacted with the laser beam in the reactor. The gas molecules were
self- heated by laser energy. By doing this way, the process heat efficiency was much
higher than that of traditional heat resource. In addition to the high efficiency, the use of
laser energy source made possible unique reaction paths to produce powders with unusual
characteristics. Thus, using laser as the heat source, well-controlled nanostructure can be
synthesized and manipulated by lasers to possess novel functional properties.

15

At UTSI, Dahotre [15] has successfully shown the use of a pulsed CO2 -laser to
directly deposit a thin film of nano- CeO2 on Ni substrate in a non-vacuum environment.
Deposition of dense and uniform layer with minimal or no grain growth was achieved by
spraying the powder directly into the laser-substrate interaction region at a rapid speed.
The powder of CeO2 was of 12 nm and 900 nm average particle sizes. The laser pulses
were controlled at 10-20 Hz with 1-2 microseconds duration to maintain high heating and
cooling rate avoiding undesired grain growth.
Based on the above review, it was decided to carry out an exploratory research on
laser- thermal cracking of methane to produce carbon nanoparticles and hydrogen-rich
gas at UTSI. Results from this exploratory work are reported in this thesis.
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CHAPTER 3
EXPERIMENTAL PROCEDURE

3.1 PREPARATION OF IRON-BASED CATALYST
According to some literature references [5,6,7,8], it was shown that Ni and Fe
catalysts demonstrated high catalytic activity in cracking reaction for methane. Compared
to nickel, iron was found to be more attractive active component due to its low cost and
low toxicity. The referred active temperature for methane decomposition on iron was in
the range of 600°C-900°C. In this project, Fe catalyst, supported on alumina, was
employed. By general soaking-drying technique, the objective of this recipe was to
prepare catalyst of 5-10% Fe on alumina with different particle sizes. Composition
analysis by ICP was also carried out to check the weight percentage of iron in catalyst
samples. Pretreatment of reduction using hydrogen was needed prior to cracking reaction.

3.1a Catalyst Preparation
•

Alumina Sieving
Activated alumina (8-14 mesh, Fisher Scientific) particles were crushed in agate
mortar and sieved. Three different size ranges were chosen, 10-20 mesh, 100-170
mesh and 200-270 mesh using proper screens. The fraction of the alumina
particles in the desired range was thus collected.

•

Soaking

17

Known quantity of ferric nitrate ( Fe( NO3 ) 3 • 9 H 2O , J.T.Baker) was dissolved in
a flask by adding sufficient amount of distilled water. After 5-10 minutes of
cooling, the solution was added slowly into another flask where the activated
alumina sample was kept.

Agitation of 30 minutes with a magnetic stirrer was

necessary for impregnation of alumina particles with the aqueous solution of iron
nitrate.
•

Drying
After filtering through the funnel using filter paper, the filter cake was kept at
room temperature overnight. Then, it was dried in an oven for 3 hours at 150°C.
Further calcination was required at 800°C for another 2 hour to convert it to oxide
form.

3.1b Composition Analysis
After drying, the catalyst was in the form of Fe2O3 / Al2O3 , and the iron ions were
concentrated at the surface of the particles. A small known quantity of this oxide form of
catalyst was taken in a 2000 ml measuring flask and then dissolved with enough HNO3
solution (65%-70%, AIFA). After that, using distilled water it was diluted up to the mark
of flask. This diluted solution was then analyzed in a Perkin Elmer Inductively Coupled
Plasma Emission Spectrometer (ICP) to determine the concentration of iron. Data from
the ICP was in the form of concentration of the iron cations in ppm (or mg/L). From this
the weight fraction of iron in the original catalyst ( Fe2O3 / Al2O3 ) was calculated.
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Standard solution ( Fe(NO3 ) 3 997ppm) from Inorganic Ventures was used to
calibrate the ICP. The calculation procedure was as follows: The ICP data for iron cations
was assumed as C ppm (or mg/L) and the quantity of dissolved original catalyst was X
mg. Therefore, the total mass of iron element in 2000 ml diluted solution was
C mg/L × 2000ml ×

1L
=2 C mg
1000ml

(3-1)

So the total weight fraction of iron element in the original catalyst was 2

C
. Since the
X

iron ions were in the form of iron oxide, the weight fraction of Fe2O3 in the original
catalyst Y was Y=2

C (56 × 2 + 16 × 3)
C
×
= 2.856 . However, after the pretreatment of
X
(56 × 2)
X

reduction, the active catalyst was in the form of Fe / Al2O3 . So the weight fraction of iron
Z in active catalysts would be
C
56 × 2
C
×(
)
2
X 56 × 2 + 16 × 3
X
Z=
=
.
C
56 × 2
C
1 − 2.856 (1 −
) 1 − 0.888
X
56 × 2 + 16 × 3
X
2.856

(3-2)

For different size fractions of original catalyst, the analysis results are shown in the Table
3.1.

3.2

PRELIMINARY

DESIGN

OF

FLUIDIZED

BED

REACTOR

AND

FLUIDIZATION EXPERIMENTS
The original idea for reactor style was mainly focused on fluidized bed reactor.
However, some other reactor, like fixed bed and basket reactor were also tried later on.
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Table 3.1: Iron Content of Original Catalyst
Catalysts Size Fraction

Weight of

ICP Result

Fe2O3 Fraction

Fe Fraction

(mesh)

Catalyst

C (ppm)

Y

Z

X (mg)
10-20

2100.1

26

0.035

0.025

100-170

2000.0

60

0.085

0.062

200-270

1800.0

64

0.102

0.073

Obviously, the fluidized bed reactor holds a great advantage and potential in this
special process based on laser thermal source. Because of the relatively small laser focus
area, more moving catalyst particles will have chance to be exposed to laser beam than in
the fixed bed mode. The collisions between different particles will also make it easier to
remove filamentous carbon due to attrition. Although fluidized-bed reactor has been used
in industry for some large-scale production of carbon black recently, there are still some
technical problems in developing a continuous large-scale process.
A small laboratory scale fluidized bed reactor was designed. The main design
calculation is shown in Appendix. Some fluidization experiments were carried out at
room temperature in plastic tubes of different diameters. The 100 × 170 mesh alumina
particles were employed as the fluidized particles. Pure argon gas was used to provide
fluidization under vigorous bubbling bed conditions. The relationship between different
gas flow rate and the lifted height of bed was studied. The Figure 3.1 shows this
relationship. It was found that the tube with 5/8-inch diameter and 3 inch initial bed gave
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1.6
1.4
1.2
1/2" tube with 2" high
initial bed
1/2" tube with 3" high
initial bed
5/8" tube with 2" high
initial bed
5/8" tube with 3" high
initial bed

1
0.8
0.6
0.4
0.2
0
0

1

2

3

Flow Rate (SCFH)

∆H : The lifted bed height
H ° : The initial bed height

Figure 3.1: Results from Fluidization Experiments
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good fluidization. Based on this, the reactor body was constructed of a 5/8-inch I.D.
stainless steel tube. Fine stainless steel screens were placed at the either end of the
reactor. The total height of reactor was 8 inches, where 4 inches height was provided
from the bottom to the laser beam entry point. Thus, the initial catalyst bed would be 3
inches high. So according to the fluidization experiments, the catalyst bed would be lifted
by about 1.5-2 inches, and thus it would be exposed to laser beam. A KCl glass window
with ¾-inch diameter was placed at the entry point, through which the laser beam entered
the reactor. Pure argon gas was used as purge/sweep gas across the window. This was
done to alleviate the breakage of window due to possible contamination by catalyst
particles. Unfortunately, the window breakage was still not prevented in the later
experiments. It was obvious that very high flow rate of purge/sweep gas would be needed
to avoid the interaction of reactant gas, glass window and catalyst. So, how to solve this
issue should be one major problem in future study. A type K thermocouple was placed
close to the top of fluidized bed. The temperature of reactant gas was thus monitored. The
reactant gas, the mixture of methane and argon with desired flow rate was introduced to
enter the reactor from the bottom. Above the screen, it would provide fluidization of
catalyst particles. A schematic of the fluidized bed reactor is shown in Figure 3.2.

3.3 CATALYSTS EVALUATION EXPERIMENTS
Before the laser was used, some experiments were carried out to evaluate the
catalytic activity of the Fe catalyst for the cracking reaction of methane

22

Reactor Outlet

Stainless Steel Fine Screen

Type K Thermocouple
Purge Gas
TEA CO2 Laser Beam

KCl Window
Fluidized Catalyst Particles
Purge Gas

Stainless Steel Fine Screen

Reactor Inlet

Figure 3.2: Schematic of the Fluidized Bed Reactor
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3.3a Thermal Cracking Reaction in Fixed-bed Reactor Heated by a 4-inch Diameter
Electrical Resistance Furnace
Firstly, the catalyst had to be reduced by hydrogen to be active for the cracking
reaction. The reduction of catalyst was carried out in a reactor constructed of 3/4 –inch
type 304 stainless steel tubing, which was also used in the thermal cracking reaction. A
type K thermocouple was introduced from one of the end cap and was placed close to the
catalyst bed, for continuous monitoring of the bed temperature. The reactor was heated
in a Lindberg Solar Basic Model 123 4-inch split-tube furnace. A schematic of this setup
is shown in Figure 3.3. The reactor was operated in the start-up mode to bring the system
to the required operating temperature. Throughout the start-up mode, the reactor was
continuously purged with argon to maintain inert condition. The temperature was kept
around 700ºC and the pressure was atmospheric pressure. For every run, about 20 grams
of original catalyst was placed in the reactor. Once the steady state operating conditions
were reached, H 2 was introduced into the reactor. The volumetric flow rate of hydrogen
was monitored at 5 SCFH using Dwyer Instruments Rotameter. The reduction reaction
was carried out for about one hour. Then, hydrogen flow was shut off and the mixture of
methane and argon was introduced. The separate volumetric flow rates of methane and
argon were controlled by two 5 SCFH Dwyer Instruments Rotameters. By adjusting the
power input to the furnace, three different ranges of temperature were tried for methane
cracking. The exit gas samples were collected at regular time intervals in SKC (1.5 liter
capacity) type sample bags, which were evacuated prior to collection. A SRI 8610C gas
chromatograph analyzed the effluent gas samples to determine the mole fractions of
hydrogen and methane in the sample. A computer with the PeakSimple 1.44 Software
24

Figure 3.3: Schematic of the Fixed-bed Thermal Reactor Setup
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controlled the gas chromatograph operations and analyzed the output peaks. At the end of
the cracking step, after about 20-30 minutes of running, the system was cooled to room
temperature under argon flow. So further oxidization of the catalyst was prevented by the
flow of inert gas. After cooling, the catalyst residue was carefully removed from the
reactor weighed and stored in glass bottle with proper label for further analysis of carbon
black.

3.3b TGA Experiments
Experiments were also performed using a Thermo-gravimetric Analyzer (TGA) to
check the activity of Fe-catalysts in methane cracking.
The reduction of catalyst and cracking of methane were carried out in microgram
quantities in a TGA. Argon was used as the purge gas and hydrogen and methane were
used as reactant gases during reduction and cracking respectively. The original catalyst
sample was taken in the microbalance pan of the TGA. The system was brought to 700ºC
at the heating rate of 12 ºC per minute, and held at this temperature for 2 hours. In the
first hour, hydrogen was introduced for reduction of catalyst. In the next hour, the
mixture of methane and argon was introduced for methane cracking reaction. The TGA
recorded the weight loss or gain in the sample with respect to time. A typical graph
obtained from the TGA is shown in Figure 3.4. It was assumed that at the end of the first
hour, all of the catalyst sample was reduced. In this period, the weight loss was due to the
loss of oxygen. However, in the next hour, the weight changed because of carbon
produced from methane cracking and further reaction taking place between produced
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Figure 3.4: A Typical Graph Obtained From the TGA Experiments
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120

hydrogen and spent catalyst. The sample residue was kept in a glass bottle for further
analysis of carbon black.

3.4 LASER BASED CRACKING EXPERIMENTS
In the experiments described above, in the fixed- bed and in TGA the thermal
energy was provided by the electric furnace. Now, laser beam was tried as a heat source.
In laser- based experiments, a TEA-820 CO2 laser (Lumonics Inc.) was employed. The
distinguishing characteristic of the CO2 laser that makes sustained power levels possible
is its relatively high efficiency at least compared to many other common gas lasers. The
typical electrical power into optical power out efficiency of a CO2 laser may be from 5 to
20 percent or more. The main properties of this laser are listed below [16]:
Input Power:

15V, AC, 50/60 Hz, 20 A

Optical Energy:

50 watts( Maximum Average Power)

Wavelength:

10.6µm

Beam Cross Section:

18 × 28 mm typical; varies with optical parameters

Jitter Time:

± 20 ns typical on strong lines

The schematic of the laser based experimental setup is shown in Figure 3.5.
Before introducing reactant gas, the system was purged with argon for at least 5 minutes
to keep inert environment. The catalyst after being reduced was introduced into the
reactor immediately. The reactant gas mixture, methane and argon, was introduced from
the bottom of the reactor. This gas flow fluidized the catalyst particles. The fluidized
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Figure 3.5: Schematic of Laser-based Reactor Setup
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catalyst particles were exposed to the laser beam that entered the reactor from the left
side. A gas distributor gave four argon gas streams at the laser beam entrance, so as to
provide purge/sweep gas to prevent window contamination. All the gas flow rates were
controlled by 5 SCFH Dwyer Instruments Rotameters. The outgoing gas was vented after
passing through a filter. After the entire system reached a steady state, the laser was
opened. Some exit gas samples were collected at a regular time intervals in SKC (1.5liter
capacity) type sample bags to be analyzed later by GC. After shutting off laser and other
reactant gas flows, argon gas was continued to flush the entire system. The remainder of
catalyst was weighed, and some catalyst was placed in glass bottle for further
examination.
Because of the contamination of glass window by solid particles, it was not
possible to keep the laser reactor working for a long time, especially during fluidization
bed mode of reactor operation. Two other approaches in this reactor were tried using the
same setup. One was as shown in Figure 3.6, where a small basket made by fine steel
screen was introduced inside the reactor from the top. Here, the catalyst sample was
placed in the basket, at a distance such that the laser beam could expose it clearly.
Another approach was as shown in Figure 3.7. The laser beam was introduced from the
top of the reactor, which was placed horizontally on the table. The catalyst was kept in
the reactor in a fixed bed mode. The experimental procedure for these two configurations
was kept the same as the one used for the fluidized bed reactor.
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Figure 3.6: Schematic of the Basket Reactor
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Figure 3.7: Schematic of Fixed Bed Mode of Laser Reactor
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3.5 CATALYST REGENERATION
After cracking of methane, one of the products, carbon black may be mostly
amorphous or in the form of nanoparticles. Some of the residue may also be in the form
of Fe3C . However, all this would deposit on the surface of catalyst, and that would
eventually deactivate the catalyst. Because methane cracking and subsequent carbon
deposition would involve diffusion of methane and carbon, the availability of active
reaction sites would be thus limited.

Some H 2 / steam regeneration experiments were

carried out for time duration as long as the laser-based cracking experiments. Since no
carbon separation was carried out, during regeneration the carbon black on the catalyst
would also react with steam and hydrogen. The major reactions taking place are given as:

C (s ) + H 2O( g ) → CO( g ) + H 2 ( g )

(3-3)

C ( s ) + 2 H 2 O( g ) → CO2 ( g ) + 2 H 2 ( g )

(3-4)

C ( s ) + 2 H 2 ( g ) → CH 4 ( g )

(3-5)

Fe3C( s ) + H 2O( g ) → 3Fe( s) + CO( g ) + H 2 ( g )

(3-6)

2 Fe3C( s ) + H 2 ( g ) → 6Fe( s ) + C 2 H 2 ( g )

(3-7)

Fe3C ( s ) + 2 H 2 ( g ) → 3Fe( s ) + CH 4 ( g )

(3-8)

Fe( s ) + H 2O( g ) → FeO( s ) + H 2 ( g )

(3-9)

FeO( s) + CO( g ) → Fe( s) + CO2 ( g )

(3-10)

Table 3.2 shows the change in Gibbs Free Energies for reactions (3-6) to (3-10) in the
selected temperature range. The data for Gibbs Free Energy values for each compound
used in calculation were obtained from JANAF Thermochemical Tables (Second
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Table 3.2 ∆G ο r Values for Reactions (3-6) to (3-10) *

Reaction

800K

900K

1000K

1100K

1200K

(3-3)

5.102

1.616

-1.824

-5.241

-8.681

(3-4)

2.785

0.125

-2.541

-5.263

-7.964

(3-5)

-0.653

2.021

4.621

7.256

9.881

(3-6)

4.125

-0.774

-5.596

-9.757

-13.476

(3-7)

37.052

32.986

30.026

28.386

27.112

(3-8)

-0.648

-0.364

0.844

2.733

5.096

(3-9)

-4.836

-4.412

-3.788

-3.361

-3.100

(3-10)

-0.485

1.256

2.123

3.051

3.968

No.

•

All above values are in the unit of kcal/mol
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Edition). However, ∆Gο f of Fe3C was only available under standard condition. So it
was assumed that this value remained constant at other temperatures. From the table, we
can see that ∆G ο r of every reaction except (3-7) is negative under respective temperature,
meaning that the reaction is possible. The reaction (3-7) may be possible only under very
high temperature. These results are shown in Figure 3.8. As shown in this figure, within
the temperature of 800K to 940K, four of the reactions show negative values of ∆G ο r .
So keeping the regeneration process within this temperature range would give optimal
condition for these reactions to take place. The catalysts sample was removed from the
lased-based reactor immediately and placed inside the fixed bed reactor where the
reduction of catalyst was carried out after laser-based experiments was completed. The
same setup as shown in Figure 3.3 was used except additional steam system was also
used. Distilled water was introduced into the system using an Eldex Laboratories, Inc.
Model A-10-S metering pump. The total water entering the apparatus was measured by
the burette from which the water entered the pump. At the same time, hydrogen was also
introduced into reactor. Each experiment run was carried out for one hour.

3.6 EXPERIMENTAL PROCEDURE FOR CATALYST REDUCTION AND
REGENERATION
1. A 3/4 –inch diameter cylindrical reactor was used in a 4- inch diameter electrical
resistance furnace.
2.

Fine stainless steel screens were placed at both ends of the reactor. The screen
should be finer than the catalyst particle size.
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Figure 3.8 Relationships Between ∆G ο r and Temperature for Reactions
Represented by Eqn. 3.3 to 3.10
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3. The top end of the reactor was closed with the end cap that had a thermocouple
assembly attached to it. This thermocouple needed to be long enough to reach the
other end, so it will touch the catalyst bed exactly.
4. Weighed sample of original or spent catalyst was placed inside the reactor
carefully.
5. The reactor was connected to the inlet and outlet lines using quick connect
couplings. The whole apparatus was tested for leaks by opening all the valves.
6. When steam regeneration was needed, the burette was filled with distilled water
to the zero milliliter graduation. The pump settings were adjusted to provide the
required flow rate into the reactor.
7. The argon flow was started into the system at a pressure that was slightly above
the atmospheric pressure.
8. The reactor temperature was raised by adjusting the power input to the furnace.
9. As the temperature reached 700°C, the water pump for the water flow into the
reactor was switched on for regeneration.
10. The argon flow was shut off and hydrogen flow was started at1.5 ft 3 / h .
11. After about one hour, the reduction or regeneration was considered over.
12. The pump was turned off and the temperature of the reactor was brought drown.
13. The hydrogen flow was stopped and the argon stream was started immediately.
14. The hood fan was turned on to cool the apparatus and the split furnace was
opened to enhance the cooling of the reactor to room temperature.
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15. The argon flow through the reactor was stopped. The catalyst sample was
removed from the reactor. The residue was weighed and taken to the cracking
experiments immediately.

3.7 EXPERIMENTAL PROCEDURE FOR LASER-BASED CRACKING
EXPERIMENTS
1. The glass window was cleaned with the Lint- free paper.
2. Active catalyst sample was placed inside the reactor after weighting.
3. Gas and water supply were started for the laser machine and the laser machine
was warmed up for 10-15 minutes.
4. The argon flow was started with very small flow rate to keep the whole system
inert.
5. Gas sample bags were prepared by evacuating using a vacuum pump.
6. The temperature monitor was turned on.
7. The purge gas flow was started first at 4 ft 3 / h . Then, the methane was
introduced at desired flow rate. For fluidized bed reactor configuration, check was
made from the laser beam entrance to see if the catalyst came up to the height of
the window.
8. The laser was switched on and the stopwatch was simultaneously started.
9. The position of laser beam with respect to the reactor was watched to make sure
the beam enter the reactor properly.
10. Sample gases were collected at regular intervals.
11. After 5 minutes, the laser was turned off and the methane flow was stopped too.
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12. The argon flow was kept on for several minutes to flush the system.
13. The catalyst sample was removed carefully and weighed. It was then placed in a
glass bottle for further examination by optical microscope and SEM.
14. The gas samples that were collected in the sample bags were then analyzed for
their hydrogen and methane contents using an off-line GC.

3.8 SUMMARY OF EXPERIMENTS
Table 3.3 shows a brief summary of all the experiments carried out. The main
conditions, such as the gas flow rate, temperature, catalyst particle size and reaction time
are presented in this table.
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Table 3.3 Summary of Experiments

Experiment
Number *

Catalyst
Particle
Size
(mesh)

Temperature
(°C)

1

100-170

700

2

100-170

700

3

100-170

520-650

4

100-170

670-720

5

100-170

780-810

6

100-170

7

100-170

8

100-170

43.3-54.5
(gas temp.)
46.1-57.8
(gas temp.)
98.8-110
(gas temp.)

9

10-20

10

200-270

-------------------------

11

200-270

-------------

12

200-270

-------------

13

200-270

-------------

14

200-270

-------------

15

200-270 --------------

Gas
Black
Flow
Residue
Rate
Quantity
3
( ft / h )
Ar : 2
Present
CH 4 : 1
Ar : 2
Present
CH 4 :1
Ar : 2
Minor
CH 4 : 1
Ar : 2
Most
CH 4 : 1
Ar : 2
Minor
CH 4 : 1
*PG: 3
Minor
CH 4 :2.5
PG: 3
Minor
CH 4 :2.5
PG: 4
Minor
CH 4 : 1
PG: 3
Not
CH 4 : 1 Present
PG: 4
Present
CH 4 : 1
PG: 4
Present
CH 4 : 1
PG: 4
Present
CH 4 : 1
PG: 4
Present
CH 4 : 1
PG: 4
Present
CH 4 : 1
PG: 4
Present
CH 4 : 1
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Laser Sample
Beam Number

Reaction
time
(minutes)

No

1

60

No

-------

60

No

2

20

No

3

20

No

4

20

Yes

5

5

Yes

6

2

Yes

7

5

Yes

8

5

Yes

9

5

Yes

10

5

Yes

11

5

Yes

12

5

Yes

13

5

Yes

14

5

Table 3.3 Summary of Experiments (continued)

16
17

Any size
Any size

700-800
700-800

H2 : 1
H2 : 1
Steam

---------------

-------------

15
16

120
120

*1, 2: TGA
3, 4, 5: Fixed bed reactor heated in an electrical resistance furnace
6, 7: Fluidized bed reactor
8: Fixed bed reactor mode with a basket in a laser reactor
9, 10, 11, 12, 13, 14, 15: Fixed bed reactor with laser beam from the top
11: Using catalyst after first cycle of cracking/regeneration
13: Using catalyst after second cycle of cracking/regeneration
15: Using catalyst after third cycle of cracking/regeneration
16: Fixed bed reactor heated in an electrical resistance furnace used for reduction of
catalyst after Expt. 11
17: Fixed bed reactor heated in an electrical resistance furnace used for regeneration of
catalyst after Expt.13
PG: Purge Gas (Argon)
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CHAPTER 4
DATA ANALYSIS

4.1 DATA ANALYSIS
Because of limitation on time, cost and also due to some unexpected problems,
very limited numbers of experiments were carried out, especially for testing the laser –
based cracking approach. The main objective was to validate this new idea. However,
some useful data from TGA and gas chromatogaph were obtained during the experiments
under different reaction conditions to verify the extent of cracking and to test the activity
of the catalyst.

4.1a TGA Data Analysis
From the Figure 3.4 (The experiment was based on catalyst in the 100-170 mesh
size range), we can see that initially the weight decreased with the increase in time. Since
in the first 60 minutes, catalyst was reduced under hydrogen supply. We can assume that
the total weight loss during this time period should be all because of loss of oxygen from
iron oxide. Then, we can calculate the catalyst composition in weight percentage. The
weight change in the first 60 minutes was:
∆W = Woriginal − W active = 24.56 − 23.32 = 1.24mg

(4-1)

Here, original catalyst is Fe2O3 / Al2O3 and active catalyst is Fe / Al2O3 .
This is also the weight of oxygen loss assuming complete reduction, thus Wo = ∆W . So
the weight of iron oxide should be:
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W Fe2 O 3 = WO ×

M Fe2 O3
3× M o

= 1.24 ×

160
= 4.13mg
3 × 16

(4-2)

Then, the total weight percentage of Fe2O3 in original catalyst would be:
W Fe2O3
Woriginal

=

4.13
× 100% = 16.8%
24.56

(4-3)

After reduction, the weight percentage of Fe in active catalyst would be:

W Fe
=
W active

WFe2 O3 ×

2 × M Fe
M Fe2O 3

W active

×100% =

112
160 ×100% = 12.39%
23.32

4.13 ×

(4-4)

Compared with the result (6.2%) from analysis by ICP, this value is about double. The
reason is probably because there is still some moisture in original catalyst, which also
could be responsible for the weight loss or some Al2O3 may have been reduced also.
From the curve corresponding to the cracking reaction part, the weight decreased
very slowly in the first half hour, but then increased a little bit in the next half hour. At
the end, we can see that the weight difference during cracking step was almost
insignificant. Following reactions are responsible for weight change during the cracking
reaction represented in this part.
3Fe( s ) + C ( s) → Fe3C ( s )

(4-5)

CH 4 ( g ) → C ( s) + 2 H 2 ( g )

(4-6)

Al2 O3 ( s ) + 3H 2 ( g ) → 2 Al ( s) + 3H 2O( g )

(4-7)

2 Al2O3 ( s ) + 3C( s ) → 4 Al( s ) + 3CO2 ( g )

(4-8)
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The cracking reaction (4-6) and reaction (4-5) would increase the weight of the catalyst
sample. However, the other reactions (4-7) and (4-8) would decrease the weight while
consuming the solid particle.

4.1b Analysis of GC Data
In all experiments except the TGA experiment, samples of outlet gases were
collected in sample bags. The mole fractions of the exit gas constituents leaving the
reactor were calculated from their corresponding response peak areas from the GC output
and from the peak areas for the standard calibration gas mixture. This calibration gas,
obtained from Scotty Specialty Gases, had a volume composition of 5% oxygen, 5%
nitrogen, 5% carbon monoxide, 5% carbon dioxide, 4% methane, 4% hydrogen and the
rest containing helium. When checking for hydrogen, argon gas (to which hydrogen
detection is not very sensitive) was used as a carrier gas instead of helium. Thus, the
collected gas samples were analyzed separately for the hydrogen with argon as the carrier
gas after the analysis for methane component was completed using helium as the carrier
gas. From the gas chromatograph result, the mole fraction of hydrogen, y H 2 with peak
area AH 2 , is given by

yH 2 = (

ycal , H2
Acal, H 2

) × AH 2

(4-9)

The mole fraction of the calibration standard and the corresponding calibration peak areas
are symbolized as ycal ,H2 , Acal,H 2 . Meanwhile, for methane, they are yCH 4 , y cal,CH 4 and
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ACH 4 , Acal, CH 4 respectively. The conversion of methane based on the amount of hydrogen

in production gas is derived in terms of X CH 4 as follows:

CH 4 → C + 2H 2
t=0
t=t

1

0

0

1- X CH 4 X CH 4 2 X CH 4

moles
moles and total moles = 1 + 2 X CH 4

Thus,
yH 2 =

2 X CH 4
1 + 2 X CH 4

and yCH 4 =

1 − X CH 4
.
1 + 2 X CH4

Finally, we get from the relationships,

X CH 4 =

1
× yH 2
2

(4-10)

1
× y H 2 + y CH 4
2

Table 4.1 shows the experimental data from GC and the calculated conversion of
methane under different reactor mode and reaction condition. We can see from Figure
4.1and 4.2 that in the experiment 3, 4, 5(Fixed bed reactor heated by electrical resistance
furnace), experiment 4 gave a little higher conversion than the other two. This result
agreed with the appearance of the catalyst residue from experiment 4 which showed more
black particles than the other samples. This also means that at the temperature of around
700°C, the iron catalyst provided a slightly higher activity. However, the conversion in
experiment 4 showed unreasonable increase. It may be because the flow rate of methane
was not stable, that caused low methane concentration in gas sample in comparison to
what was assumed. Comparing with the result from the work of Muradov(Reference5),
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Table 4.1: Results from GC Data Analysis

Experiment

H2 *

CH 4 *

yH 2

yCH 4

X CH 4

Number

(Peak

(Peak

(%)

(%)

(%)

**

Area)

Area)

1

----------

----------

---------

--------

----------

Remarks

No gas
sample taken

3

4

5

Calibration Gas
6

BDL

4703.56

BDL

31.72

BDL

1.67

4650.69

0.73

31.36

1.15

1.47

4503.23

0.64

30.37

1.04

3.04

4580.36

1.33

30.89

2.11

2.96

3986.1

1.29

26.88

2.34

2.93

2091.58

1.28

14.10

4.34

2.74

4452.63

1.20

30.03

1.96

2.69

4725.51

1.18

31.87

1.82

2.55

4423.65

1.12

29.83

1.84

9.14

593.17

4

4

-----------

BDL

5698.21

BDL

39.25

BDL

BDL

5783.14

BDL

39.83

BDL

BDL

5686.89

BDL

39.18

BDL
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Negligible

Table 4.1: Results from GC Data Analysis (Continued)
8

11

13

15

9
Calibration

0.59

2365.45

0.26

16.29

0.79

0.43

2351.69

0.19

16.20

0.61

0.56

2259.84

0.25

15.57

0.79

1.01

2496.89

0.45

17.20

1.20

0.96

2512.32

0.43

17.31

1.21

BDL

2263.54

BDL

15.59

BDL

0.25

2195.63

0.11

15.13

0.36

0.45

2453.21

0.20

16.89

0.58

0.36

2469.58

0.16

17.01

0.47

BDL

3256.5

BDL

22.45

BDL

8.93

580.65

4

4

-------

Gas

*Values in the table correspond to the areas under the peaks in the GC.
** Experiments number are same as in Table 3-3
BDL: Below Detection Limit
1: TGA Experiment
3, 4, 5: Fixed bed reactor heated in an electrical resistance furnace under three
temperature ranges (520-650°C, 670-720°C, 780-810°C); all gas samples were collected
at every 7 minutes interval; catalyst particle size: 100-170 mesh
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Table 4.1: Results from GC Data Analysis (Continued)

6: Fluidized bed reactor with laser beam; gas sample collected at every 2 minutes;
catalyst particle size: 100-170 mesh; Same gas collection frequency for Expt 8, 11, 13
and 15
8: Fixed bed reactor with basket configuration and laser beam; catalyst particle size: 100170 mesh
9, 11, 13, 15: Fixed bed reactor with laser beam from the top
9: Catalyst particle size: 10- 20 mesh
11, 13, 15: Catalyst particle size: 200-270 mesh
11: Using catalyst after first cycle of cracking/regeneration
13: Using catalyst after second cycle of cracking/regeneration
15: Using catalyst after third cycle of cracking/regeneration
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Conversion of methane (%)

5
4.5
4
3.5
3

Experiment 3
Experiment 4
experiment 5

2.5
2
1.5
1
0.5
0
0

10

20

30

time (minutes)

Figure 4.1 Methane Conversion as a Function of Time in Experiment 3, 4, 5
(Where the temperature range in experiment 3, 4, 5 are 520-650°C, 670-720°C, 780810°C respectively)
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5
4.5

Conversion of methane(%)

4
3.5
3
Experiment 3
Experiment 4
Experiment 5

2.5
2
1.5
1
0.5
0
10

20

30

40

Initial concentration of methane (%)

Figure 4.2 Methane Conversion as a Function of Initial concentration of methane
in Experiment 3, 4, 5
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with the iron catalyst that demonstrated high conversion in the temperature of 650° C900°C, this result was qualitatively similar, but the conversion obtained was much lower
(see Figure 2.1). It was probably because of low energy efficiency or low catalyst activity
or short contact time in the reactor. Figure 4.1 also shows that in experiment 4 and 5 the
conversion decreased with the reaction time. This could be because of the carbon deposits
on the catalyst surface, the catalyst activity was probably affected. This was also
observed in Muradov’s work. Additional work is needed to confirm these observations.
Hydrogen was not found in the gas sample taken from the fluidized bed reactor in
experiment 6. It might be because the catalyst particles were exposed to the laser beam
for very short time. As a result, the catalyst particles did not get hot enough for the
reaction to take place.

However, from fixed bed reactor mode of cracking with laser

beam in experiment 8 to 15, where longer exposure time was provided hydrogen showed
up in the gas samples. Comparing the conversion of methane in different stages of
catalyst cracking and regeneration, we can see that the catalyst still kept some activity
after three successive cycles of cracking and H 2 / steam regeneration.

However, the

conversion seemed to decrease a little. Big catalyst particle (10-20 mesh size) in Expt. 9
showed almost no activity under the same reaction condition as fine size catalyst (200270 mesh size) in Experiment 10 to 15, most likely due to inadequate surface area in
comparison to small particles.
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4.2 Catalyst Residue Characterization
We also conducted optical microscope, SEM and XRD studies of the catalyst
residues to check the existence and structure of carbon deposits.

4.2a Optical Microscope Study
Two main kinds of microscope were employed in this study. They were Nikon
SMZ-U (Zoom 1:10) and Olympus PME. A computer with the software of Matrox
Inspector 2.0 was used to process the images. A cross-polarized light was used along
with the Nikon optical microscope, which had a maximum magnification of several
hundreds X. The Olympus PME metallograph was also used for high-magnification
optical microscopy. Each catalyst residue sample was studied using these two
instruments. Some representative micrographs of the samples are presented here.
We can see that there is no black particle in the original catalyst as shown in
Figure 4.3. The deep color shown in Figure 4.3 is yellow, which is because of Fe2O3 on
the surface of alumina. The sample processed in TGA and after cracking stage is shown
in Figure 4.4. It shows some black particles.
The following four pictures (see Figure 4.5-4.8) are the micrographs of samples
obtained from thermal cracking in the electrical resistance furnace under different
temperature. Figure 4.5 shows the sample from reaction under the temperature of 520650 °C. Figure 4.6 and 4.7 present the sample under 670-720°C. Figure 4.8 is from the
sample under 780-810 °C .We can tell that under 670-720°C the particles seem to have
more black area on the surface of catalyst than the others. It also agrees with the result
obtained from the GC data analysis.
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Figure 4.3: Micrograph of Original

Figure4.4 Micrograph of Sample from

Catalyst (×15)

TGA (×40)

The next two micrographs (see Figure 4.9 and 4.10) are for the samples taken
from the basket reactor mode for methane cracking using laser beam. Some black
particles are obvious and they also look totally black on the surface of the catalyst
particles. It was thought that longer duration in presence of laser beam provided enough
energy for the particles to heat up and as a result have more chance for the reaction.
The micrographs of sample from the fixed-bed reactor mode of methane cracking
using laser beam and after repeated regeneration are shown in Figure 4.11 to 4.14.
Comparing Figure 4.11 with Figure 4.12, we can see that after H 2 / Steam regeneration
treatment the black particles had almost disappeared.
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Figure 4.5
Micrograph of Sample from Thermal Cracking in Electrical Resistance Furnace
(520-650°C) (×45)
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Figure 4.6
Figure 4.7
Micrographs of Sample from Thermal Micrographs of Sample from Thermal
Cracking in Electrical Resistance
Cracking in Electrical Resistance
Furnace (670-720°C) (×10)
Furnace (670-720°C) (×40)

Figure 4.8
Micrograph of Sample from Thermal Cracking in Electrical Resistance Furnace
(780-810°C) (×50)
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Figure 4.9
Micrographs of Sample from Basket
Reactor Cracking Using Laser Beam (×8)

Figure 4.10
Micrographs of Sample from Basket
Reactor Cracking Using
Laser Beam (×30)

From Figure 4.12, 4.13 and 4.14, we can see that after regeneration, the catalyst
still maintained some activity.

However, it may have decreased some based on the

observed decrease in the black color and methane conversion

4.2b SEM and XRD Studies
X-ray diffraction and Scanning Electron Microscope were also employed to
characterizesome catalyst powder samples.
Table 4.2 summarizes the phases identified in these catalyst samples. The phase
identification was conducted using x-ray diffraction (XRD) analysis and presented as
corresponding spectra in Figures 4.15-4.19. Along with parent catalyst, Al2 O3 and Fe2 O3 ,
the peaks corresponding to Fe7 C3 (Figures 4.15-4.19), graphite (Figures 4.15-4.18), and
carbon (Figures 4.17-4.19) were identified. Occasionally the presence of FeO as an
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Figure 4.11 Micrograph of Sample from

Figure 4.12 Micrograph of Sample in

Cracking in Fixed-bed Reactor Using

Figure 4.11 After Regeneration

Laser Beam (×45)

(×20)

Figure 4.13 Micrograph of Sample from

Figure 4.14 Micrograph of Sample

Cracking in Fixed-bed Reactor Using

from Cracking in Fixed-bed Reactor

Laser Beam (Second Cycle) (×35)

Using Laser Beam (Third Cycle) (×30)
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intermediate product was also noticed. The formation of these phases depended upon the
sample handling and the processing conditions (temperature, pressure, time, etc.)
employed during laser cracking of methane (except #1 and #3, Figures 4.12 and 4.16,
which were during thermal cracking of methane in TGA and Electrical Resistance
Furnace) in presence of catalyst (Al2 O3 and Fe2 O3 ). Formation of graphite from
carbonaceous material often occurs during long duration reaction at relatively lower
temperatures (<900 °C) and it is especially enhanced in the presence of hydrogen. It was,
therefore, very critical to maintain a proper hydrogen to carbon ratio along with
temperature to avoid formation of graphitic carbon. Sample #1 and #3 (Figures 4.15 and
4.16 respectively) were taken from thermal cracking of methane without laser, which had
long duration exposure at relatively low temperature (around 700 °C). They showed a
slightly high counts per second of graphite. Sample #5 (Figure 4.17) was taken from laser
cracking of methane in fluidized-bed reactor.

It did show an indication of formation of

carbon although hydrogen was not found in the gas sample by GC analysis because of
probably very low concentration. Sample #10, #12, #14 (Figures 4.17-4.19) were all from
laser cracking of methane in fixed- bed reactor mode with laser beam coming from the
top. It seems that this reaction condition provided a better opportunity for carbon
formation rather than formation of graphitic carbon. Also it was noticed that some
presence of Fe7 C3 (Figure 4.19) tended to encourage carbon formation. Strong presence
of Al2O3 seen in all the samples was due to the fact that iron catalyst was supported over
Al2O3 particles. In other words, iron salts were deposited on the exterior surface
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Table4.2 X-ray Diffraction Analysis for Phase Identification and Phase Peak
Intensity in Catalyst Particles
Sample#

#1

#3

#5

#10

#12

#14

Phase

CARBO

CARBO

CARB

CARB

CARB

CARBO

Strong
Weak
Strong
Weak
X
X
Strong

Strong
Medium
Strong
Medium
X
X
Strong

Strong
Weak
Strong
Weak
X
X
Strong

Strong
Weak
Strong
Weak
Medium
X
Strong

Strong
Weak
Strong
Weak
X
X
Strong

Strong
X
Weak
X
Weak
X
Strong

Type
Al2 O3
Fe2 O3
Fe7 C3
Graphite
Carbon
FeO
Al
X: Not present

#1: From Experiment #1, which was carried out in TGA and with the catalyst particles of
100-170 mesh size
#3: From Experiment #4, which was carried out in fixed- bed reactor with furnace, under
the temperature of 670-720 °C and with the catalyst particles of 100-170 mesh size
#5: From Experiment #6, which was carried out in laser- based fluidized bed reactor and
with the catalyst particles of 100-170 mesh size
#10: From Experiment #11, which carried out in laser-based fixed- bed reactor (First
cycle of cracking/regeneration) and with the catalyst particles of 200-270 mesh size
#12: From Experiment #13, which carried out in laser-based fixed- bed reactor (Second
cycle of cracking/regeneration) and with the catalyst particles of 200-270 mesh size
#14: From Experiment #15, which carried out in laser-based fixed- bed reactor (Third
cycle of cracking/regeneration) and with the catalyst particles of 200-270 mesh size
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Figure 4.15: X-ray Diffraction Spectrum of Catalyst Powder after Thermal
Cracking of Methane in TGA (Experiment #1) Showing the Presence of Graphite
Phase
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Figure 4.16: X-ray Diffraction Spectrum of Catalyst Powder after Thermal
Cracking of Methane in Electrical Resistance Furnace (Experiment #4) Showing the
Presence of Graphite Phase
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Figure 4.17: X-ray Diffraction Spectrum of Catalyst Powder after Laser Cracking
of Methane (Experiment #11) Showing the Presence of Graphite and Carbon Phases
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Figure 4.18: X-ray Diffraction Spectrum of Catalyst Powder after Laser Cracking
of Methane (Experiment #15) Showing the Presence of Graphite and Carbon Phases
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Figure 4.19: X-ray Diffraction Spectrum of Catalyst Powder after Laser Cracking
of Methane (Experiment #13) Showing the Presence of Graphite and Carbon Phases
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of the alumina particles. During catalyst preparation, iron nitrate was deposited over
alumina particles which then converted to iron oxide ( Fe2O3 ) during thermal
decomposition. Later on during reduction of by H 2 , Fe2O3 was reduced to Fe , the
active form of catalyst. Hence it is possible that the presence of Fe2O3 in some samples
can be attributed to possible incomplete reduction of oxide to iron form prior to the
methane cracking experiment. Similarly, the presence of aluminum ( Al ) in all the
samples indicate that the hydrogen produced during the methane cracking could have also
reduced some of the Al2O3 from the support material. Since no aluminum carbide phase
was seen in any samples, it is less likely that this aluminum was produced by H 2 reduction prior to the methane cracking reaction. This reasoning also explains why the
analyzed hydrogen concentrations in the gas samples and calculated methane conversion
values were lower than the ones reported in the literature by the other scientists. It seems
that some of the hydrogen produced during cracking was probably instantaneously
utilized in reducing alumina to aluminum. In future efforts, different support materials
need to be tried to minimize such reduction of the support material. Also, the presence of
crystalline carbon phase in the sample #12 and #14 suggest that the laser based cracking
with the sample in the fixed bed mode and laser beam coming from the top may be a
more desirable configuration based on the different configuration that were tried in this
study. Such an arrangement can provide longer exposure of catalyst particles to the laser
beam and if the solid temperature can be controlled to avoid graphite phase formation, it
may also give the desired carbon nanoparticles.
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Even though these efforts indicated that the synthesis of carbon nanoparticles was
possible using laser thermal cracking of methane in presence of catalyst, yet the
morphology of such carbon particles was not clearly understood. The efforts were aimed
at synthesis of carbon either as carbon nanotubes or nanoparticles. The initial attempts to
study the morphology of the carbon particles included observations using

scanning

electron microscopy (SEM). Scanning electron micrographs of catalyst powder particles
after laser cracking of methane are illustrated in Figure 4.20 and 4.21. Figure 4.20
included low and high magnification views of these particles that indicated possible
reaction products on the surface of these particles (Figure 4.20a). Also within the bed of
such catalyst particles very fine particles (micron size) were observed (Figures 4.21a and
4.21b). Based on XRD analysis, these particles appeared to be that of carbon and
graphite. It was, however, not possible to distinguish between the particles of carbon and
graphite based on the techniques (XRD and SEM) employed in the present study. The
initial indication of presence of the trace amount of sub-micron size carbon particles was
provided by a high magnification SEM micrograph (Figure 4.21c) in complement with
broadened peak corresponding to carbon (Figure 4.19). High-resolution transmission
electron microscopy (HRTEM) would be a more appropriate technique to conduct the
physical characterization of carbon particles in more definitive manner.
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(a)

(b)

Figure 4.20: Scanning electron micrograph of catalyst powder after laser cracking
of methane (Sample#14). (a) low magnification view and (b) high magnification view
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(a)

(b)

(c)

Figure 4.21: Scanning electron micrograph of catalyst powder after laser cracking
of methane. (a) Sample #10 and (b) Sample #12 low magnification view and (c)
Sample #14 high magnification view
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4.3 ENERGY EFFICIENCY ESTIMATE
The energy efficiency of this laser- based cracking process was estimated here. It
was based on the data received from the fixed-bed reactor mode of methane cracking
with laser beam from the top. From Table 4-1, we could get the average conversion of
methane under this mode as equal to:
% X CH 4 =

1.20 + 1.21 + 0.00 + 0.36 + 0.58 + 0.47
= 0.64 From Table 3.3, the flow rate of
6

methane corresponding to this conversion was 1 ft 3 / h . So in 5 minutes of reaction time,
the total volume of methane processed would be:
V = 1 ft 3 / h ×

5 min
= 0.083 ft 3 = 2350.29cm 3
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Assuming an ideal gas behavior, the total moles of methane processed would be:
n=

P×V
1atm× 2350.9cm 3
=
= 0.096mol , where P and T were
R × T 82.05atm ⋅ cm 3 /( mol ⋅ K ) × 298K

assumed to be at 1atm and 298k .
In 5 minutes, the converted methane was:

n × X CH4 = 0.096mol × 0.64% = 6.14 ×10 −4 mol
From Equation 2-1, for the cracking reaction the heat of reaction is equal to:
∆H ο R = 17.9kcal / mol .

Therefore, energy spent for the cracking reaction is:
= 17.9kcal / mol × 6.14 × 10 −4 mol = 10.99cal
From section 3.4, we knew the maximum average optical power of laser was 50 watts. So
in 5 minutes, the total available optical power from the laser beam was:
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Optical power from the laser beam = 50watts× 14.34cal / min × 5 min = 3585cal
Since in the whole process, the laser was the only heat source, we could get:
Energy efficiency=

10.99cal
= 0.31%
3585cal

It is obvious that this efficiency is very low for the desired process. It is believed
that the gas flow and reactor body absorbed most of the optical energy. From Table 3.3,
we can see that the gas temperature was increased to about 20-50°C in laser-based
experiments. Also, the inside surface of reactor body was also being heated by the laser
beam. Therefore, to improve the energy efficiency, one needs to try recycle system for
the gas flow and/or place some reflective materials on the inside surface of reactor or
come up with some configuration to minimize energy loss in the future efforts.
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CHAPTER 5
CONCLUSIONS

A preliminary exploratory study on production of carbon nanoparticles and
hydrogen-rich gas from laser- thermal cracking of methane using regenerable iron-based
catalyst was carried out at UTSI. The main objective was to demonstrate the feasibility of
this concept. The catalyst evaluation experiments were carried out in TGA and fixed-bed
reactor heated by electrical resistance furnace. Bench-scale laser based experiments were
performed in fluidized and fixed- bed reactor configurations. Catalyst regeneration step
was also tried during the laser-based experiments. Finally, the catalyst residues were
characterized using optical microscopes, SEM and X-ray diffraction. The major
conclusions derived from these study are:
•

The

Fe2O3 / Al2O3 catalyst made by soaking and drying technique had a

composition of about 5-10% iron oxide on the surface of the alumina particles.
•

Catalyst weight loss measured in TGA gave a higher iron content in the catalyst
than the one estimated from the wet chemistry and ICP method.

•

Catalyst evaluation experiments in fixed-bed reactor heated by electrical
resistance furnace showed measurable conversions of methane. The temperature
range of 670-720°C provided better catalyst activity.

•

Because of the problem with contamination of the glass window resulting in
shorter reaction duration, the fluidized- bed mode of reactor for laser beam based
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cracking failed to provide convincing result. However, the idea has a great
potential if this problem can be solved.
•

Experiments in basket reactor showed better success in cracking reaction using
laser beam due to increased reaction/exposure time. The conversion of methane
based on the data from GC was however still low. But the micrographs from
optical microscope showed a lot of black catalyst particles.

•

Two different sizes of catalyst were tried in the experiments in fixed-bed mode of
reactor with laser from the top. The catalyst of 10-20 mesh size definitely showed
that no measurable cracking reaction was taking place.

•

Experiments of three successive cycles of cracking and regeneration were carried
out in this reactor mode using catalyst of 200-270 mesh size. It showed that

H 2 / steam regeneration could remove the black particles from the spent catalyst
and reactive the catalyst to a certain level. However, from the GC data, the
conversion of methane decreased measurably after each cycle, so adjustment
needs to be made to improve catalyst reactivation/regeneration.
•

The laser based cracking showed lower conversion of methane than thermal
cracking with electrical resistance furnace. This shows that catalyst particles need
to be brought to higher temperatures and maintained at that temperatures for
cracking to take place.

•

XRD analysis indicated that the catalyst particles, not only from thermal cracking
but also from laser cracking of methane, appeared to be that of carbon and
graphite. In the present study, it appeared that most of the sets of processing
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conditions were conducive to graphite formation. However, the condition of laser
cracking of methane in fixed-bed reactor showed high possibility for carbon
formation.
•

SEM studies showed some possible reaction products on the surface of catalyst
particle. However, it could not distinguish between the particles of carbon and
graphite by this technique.
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CHAPTER 6
RECOMMENDATIONS

As a continuation of the present study on production of carbon nanoparticles from
laser-thermal cracking of methane using regenerable iron-based catalyst, following work
is recommended:
•

Fluidized bed experiments under laser beam. In order to avoid the contamination
of laser window, improving the flow rate of purge gas or other reactor designs
need to be tried.

•

Study the effect of the flow rate of reactant gas and CH 4 / Ar concentration on the
cracking reaction under laser beam and include some hydrogen in the reactant gas
mixture that can improve methane conversion according to some literature.

•

Employ a long pulse or continuous wave Nd-YAG laser with higher power
instead of a pulsed TEA CO2 laser.

•

Further study on regeneration reaction of spent catalyst, like the effect of
temperature, flow rate and H 2 / steam ratio.

•

Trial experiments using recycle and preheated gas system and moving bed reactor
configuration to improve energy efficiency. A recommended schematic is shown
in Figure 6.1.

•

Use catalyst particles as fine as possible.

•

HRTEM technique to conduct the physical characterization of carbon particles in
more definitive manner.
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Figure6.1 Schematic of Recommended Laser-based Reactor Setup
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APPENDIX

DESIGN CALCULATION FOR FLUIDIZED BED REACTOR
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This part of design calculation is based on the book

“Fluidization Engineering”,

by Kunii & Levenspiel, Wiley, First Edition, 1968.
The main properties of solid are given as:
Average size: 150 mesh
dp (Particle diameter)=104 µm,

Øs(Sphericity of a particle) = 0.578

(From Table 3.2: Data on sphericity)

εm(Void

fraction in the emulsion phase of a bubble bed)= 0.56

(Assuming

normal packing according to Brownet)
The composition of active catalyst is Fe 5%+Al 2 O 3 95% in mass percentage.
ρ Fe = 7.8 ×10 3 kg / m 3

ρ Al2 O3 = 4.00 × 103 kg / m3

(From Perry’s Chemical Engineering Hand

Book)

ρs =

100
5
95
+
3
7.8 × 10 4.00 ×10 3

= 4.1 ×10 3 kg / m3

The composition of reactant gas mixture is
percentage. Assume the gas mixture at 298 K.

Ar 90% + CH 4 10% in volume

Since it is at low pressure, ideal gas

behavior can be assumed. The reaction pressure is assumed to be 50 psig (0.345 MPa ).
So,
1
P
0.345 × 106
=
=
= 0.139 Kmol / m 3
V R × T 8.314 × 298
The molecular weight will be
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M g = 16 × 10% + 40 × 90% = 37.6 Kg / Kmol , then

ρ g = 0.139 × 37.6 = 5.224 K g / m3 = 0.00522 g / cm3
In order to get viscosity of gas mixture, it is needed to estimate µ of separate gas.
From Perry’s Hand Book, the method of Reichenberg is used.
For argon,
Tc = 190.564 K ,

M = 40,

A = 1.6104 ×10 −10 × [

= 1.6104 ×10

−10

Pc = 4.59 ×10 6 Pa

M 1/ 2 × Pc 2 / 3
]
Tc1/ 6

401/ 2 × (49 ×10 6 ) 2 / 3
×[
]
(150.86)1 / 6

= 1.27 ×10 −5

Tr =

T
298
=
= 1.972
Tc 150.86

µ Ar

A × Tr
1.27 ×10 −5 ×1.972
=
=
= 4.54 ×10 −5 cp
1/ 6
1/6
[1 + 0.36 × Tr × (Tr −1)]
[1 + 0.36 × 1.972 × (1.972 − 1)]

For methane, the method of Stiel is used. From Perry’s Chemical Engineering
Hand Book,

M = 16 ,
Tr =

Tc = 190.564 K

Pc = 4.59 ×10 6 Pa

T
298
=
= 1.563
Tc 190.564

N = 3.4 × 10− 4 × Tr

0 .94

= 0.00127

Then,
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µ CH 4 = 4.6 ×10 − 4 × N ×

M 1/ 2 × Pc 2 / 3
161/ 2 × (4.59 ×10 6 ) 2 / 3
−4
=
4
.
6
×
10
×
0
.
00127
×
(190.564)1 / 6
Tc1 / 6

= 0.0269cp
Using the method of Brombey and Wilke to estimate viscosity of gas mixture.

Ar = 1 , CH 4 = 2
1 + [(
Q1. 2 =

µ1 1/ 2 µ 2 1/ 4 2
) ×( ) ]
µ2
µ1
= 0.391
M 1 1/ 2
8 × (1 +
)
M2

Q 2. 1 =

1
= 2.558
Q1.2

µ mix =

X 1 × µ1
X 2 × µ2
+
= 0.072cp
X 1 × Q1. 2 + X 2 × Q 2.1 X 1 × Q1. 2 + X 2 × Q 2.1

Where X 1 = 0.9, X 2 = 0.1
Assuming

Re ≤ 20 , calculate velocity for minimum fluidization conditions, u mf

and then see if this assumption is justified.
u mf =

Re =

(φ s × d p ) 2
150

×

(ρ s − ρ g )
µ mix

ε
× g × ( m ) = 0.77 cm / sec
1 − εm
3

d p × u mf × ρ g × P
−4
= 6.541× 10 × P , where P is the pressure of gas leaving
µ mix

the reactor.
If Re = 20 , then P = 30.72 KPa . It should be correct to assume that P will be
smaller than the pressure of entering gas mixture, 0.345 MPa .

83

Now, the maximum allowable velocity in the fluidized bed is estimated by the
Stokes law relationship, which often occurs at the top of the bed where the pressure of the
gas is lowest. Thus,

ut =

g × (ρ s − ρ g ) × d p 2
18 × µ mix

= 81.7cm / sec

If we choose the bed with the diameter of 1 inch, so A = π × (

dt 2
) = 5.06cm 2 .
2

The gas flow will be

Q = umf × A = 6.58cm 3 / sec = 0.84 ft 3 / h
This calculation is based on P=0.345MPa and T=298K. If change to standard state, it will
be
Q = 0.84

0.345
= 2.85 ft 3 / h
0.1013

For this flow rate, we can choose 5 SCFH Dwyer Instruments Rotameter in experiments,
since the range of true flow rate for this meter is 0.77-3.86 ft 3 / h .
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